The technology of fluidics has frequently been advertised as being a solution to environmental problems encountered with more conventional control techniques. However, those applying fluidics to control problems soon discover that fluidic components have their own peculiar sensitivity to changes in the environment. This paper describes the typical environmental sensitivity of fluidic proportional and digital amplifiers, and provides a method for predicting this sensitivity based on the amplifier's dependence on Reynolds Number. The principal performance parameters considered are gain, noise and null shift. The sensitivity of these parameters to supply pressure, fluid temperature and altitude or reference pressure is described. Both liquid and gaseous fluids are considered.
INTRODUCTION
Information is available which describes experimental results of tests where typical fluidic amplifiers are subjected to a range of environmental conditions (1) . 1 These results show that fluidic amplifiers exhibit significant variations in performance with certain environmental parameters, and that the magnitude and trend of these variations frequently differ for different amplifier designs and even sizes of the same design. The purpose of this paper is to present certain guides and relationships for predicting the performance of a fluidic amplifier over a wide range of temperatures and pressures, with the goal of enabling the fluidic circuit designer to select and predict the performance of fluidic amplifiers at environmental conditions which are difficult or costly to simulate in the laboratory.
The basis for this general method of predicting performance is the relationship between amplifier performance and supply nozzle Reynolds number, a relationship that can be established relatively easily at standard laboratory conditions. This method does, to a degree, oversimplify the operation of the fluidic amplifier by neglecting a number of other factors which effect amplifier performance with changes in the environment. However, tests have shown that this relationship provides reasonable correlation between predicted and actual performance for variations in supply pressures, fluid temperature, and altitude or reference pressure. In addition, it can be used to predict the effect of changes in amplifier size 1 Numbers in parentheses designate References at end of paper. and the use of a variety of fluids. Therefore, the relative simplicity and flexibility of this approach should compensate for the reduced accuracy and provide the circuit or component designer with a valuable tool.
The type of amplifiers considered in the following analysis are the beam deflection proportional (analog) amplifier and the wall attachment bistable (digital) amplifier. The principal performance parameters considered are gain or switching level, noise and null shift.
PROPORTIONAL AMPLIFIERS Reynolds Number Effects
Gain versus Reynolds Number. The curves of Figs. 1 and 2 show typical relationships between amplifier pressure gain and supply nozzle Reynolds number. Fig. 1 shows curves for two aspect ratios (ratio of supply nozzle depth to width) of a particular amplifier design in which MIL-H-5606 oil is the fluid. Fig. 2 shows two aspect ratio curves for a different amplifier design in which air is used as the fluid. All of the curves show the same basic trend of increasing gain with increase in Reynolds number at low Reynolds number values, followed by a peak of gain at some value, and finally a slight drop in gain to a constant value over the high Reynolds number range. The decreasing gain at the low Reynolds numbers is associated with increasing viscous losses in the laminar jet. The less severe drop after the maximum gain peak, which does not appear to occur in all amplifier designs, is probably associated with the change in shape of the free jet pressure profile from a laminar jet to a fully developed turbulent jet. = viscosity (lb-sec)/sq in. As a comparison between Figs. 1 and 2, the curves, though generally similar in shape, may vary significantly depending on the amplifier design. In this case, the difference in curves is believed to be more associated with differences in amplifier design than the fluid being used. The differences associated with different aspect ratios can be described fairly well by use of the "stretched" Reynolds number, which is the conventional Reynolds number times the aspect ratio of the device. Data showing this correlation between gain and "stretched" Reynolds number, over a relatively wide aspect ratio range, can be found in reference (2) . This relationship says that the gain versus Reynolds number curve for any aspect ratio of a design can be calculated by multiplying the Reynolds number scale of the known aspect ratio curve by the ratio of the known aspect ratio to the desired aspect ratio. For example, in Fig.  1 the aspect ratio of 0.5 curve could be estimated from the aspect ratio of 1.0 curve by multiplying the Reynolds number scale by 1.0/0.5 or 2.
Noise versus Reynolds Number. Amplifier output noise shows a general increase in noise with increase in supply nozzle Reynolds number. However, as transition from laminar to turbulent flow occurs in the supply jet, the noise will increase significantly. This normally takes the form of a large jump in noise (on the order of 5 to 10 times) over a relatively small change in Reynolds number. The Reynolds number value, at which this jump occurs, is influenced by a number of factors. Probably the most significant factors are aspects of the amplifier design, such as the supply nozzle design and the distance to the receivers. However, other factors, such as the amount of control flow (mass ratio) and turbulence in the supply flow as it enters the supply nozzle plenum, can also have a significant effect. For the amplifier design of Fig. 1 , with MIL-H-5606 oil as the fluid, this jump occurs at a Reynolds number of approximately 800. For the design of Fig. 2 , with air as the fluid, the jump occurs at a Reynolds number of approximately 1500. This characteristic of amplifier output noise would suggest the advantage of operating at Reynolds numbers below this transition value. However, as shown in Figs. 1 and 2 , the Reynolds number range below this transition value is also the range where the greatest gain sensitivity to Reynolds number change occurs.
Null Shift versus Reynolds Number. Amplifier null shift can be divided into two types: (a) the relatively uniform shift associated with geometric bias in the amplifier and (b) the random shift associated with changes in the flow or pressure patterns in the amplifier. The null shift associated with geometric bias can be controlled through accurate fabrication techniques. However, techniques to control the random shifts are not well defined. One method of reducing the random shifts is to avoid the condition where the supply jet is in the transition range between laminar and turbulent flow at the entrance to the receivers. Under these conditions, part of the jet has become turbulent and part has remained laminar, which can frequently produce a significant null shift in the resultant output signal. Also under these conditions, the amplifier gain curve may exhibit nonlinearities or discontinuities due to the nonuniformities in the jet profile. In the amplifier design of Fig. 2 , with air as the fluid, this transition condition extends over a Reynolds number range of approximately 1500 to 3000. At Reynolds numbers above and below this range, the null shift due to flow or pressure patterns in the amplifier is relatively low.
Environmental Effects
Once the basic relationships between amplifier performance and Reynolds number have been determined, as described in the foregoing, these relationships can be used to estimate the effects of variations in fluid temperature and pressure and of using other fluids and amplifier sizes. These Reynolds number relationships can be established by testing the basic amplifier design at various supply pressures, and then translating the test conditions into Reynolds number. The following are examples of how this Reynolds number data can be used to predict performance at a variety of conditions. Amplifier Gain. In Figs. 3 and 4, the gain versus Reynolds number data of Figs. 1 and 2 have been used to calculate the predicted effects of variations in fluid temperature. Fig. 3 shows the effects of oil temperature variation for three values of supply flow. Test data is also presented, which demonstrates the correlation between the actual and theoretical results. It can be seen that the curves for different supply flows may exhibit widely different trends over a particular temperature range. For example, as the fluid temperature is raised from 70 to 140 F, the 0.05-gpm curve shows an increasing gain trend, the 0.10-gpm curve shows relatively constant gain, and the 0.15-gpm curve shows a decreasing gain trend. This variation in temperature effects can be quite confusing if the Reynolds number relationship is not known. A similar difference in performance trends may be encountered in testing different size amplifiers of the same design.
Figs. 4 and 5 show calculated and actual variations in amplifier pressure gain for changes in fluid temperature and altitude (absolute pressure) with air as the fluid. With altitude variations, another factor, that of choked flow in the amplifier supply nozzle, must be taken into account. Exceeding the critical pressure ratio for the supply nozzle of an amplifier may severely distort the gain curve. The data available indicate that the distortion normally occurs at pressure ratios slightly above the critical value and that the gain curve distortion tends to disappear as the pressure ratio is further increased (increased altitude). Fig. 6 presents a set of curves showing the altitude at which the critical pressure ratio is reached for various values of supply and reference pressure. The lowest curve represents the common condition where the amplifier interaction region pressure equals the ambient pressure. Under this condition, the curve indicates that an amplifier operating with a supply pressure of 5 psi above the ambient will reach the critical pressure ratio at an altitude of 24,500 ft. If a restriction is placed between the amplifier interaction region and the ambient, such that the interaction region is 2 psi above the ambient pressure, the third curve up is used. Under these conditions, the amplifier would reach the critical pressure ratio at an altitude of 34,500 ft. The flattening of the higher reference pressure curves indicates that the reference line orifice has become choked, with the amplifier interaction region no longer sensitive to the ambient.
The curves of Fig. 6 are based on the assumption that pressure at the exit of the power nozzle equals the reference pressure, but this pressure is actually slightly higher due to the effects of the control flows and to any restriction in the amplifier vents. Therefore, slightly higher altitude than indicated by Fig. 6 will be possible before reaching the critical pressure ratio.
Amplifier Noise and Null Shift. As noted, one of the most important factors affecting amplifier noise and null shift is whether the amplifier supply jet is predominantly laminar, established turbulent or in the transition stage between Table  1 lists approximate transition supply pressure values for various amplifier sizes at 70 and 350 F, using air as the fluid. Table 2 lists similar data for the same amplifier sizes at sea level and at 20,000 ft. A common problem is one where an amplifier is operating in one regime (laminar or turbulent) at room conditions, but, with the same supply pressure, is in the transition region at a different temperature or altitude. This can result in significant changes in noise and output null, and may also produce other problems such as reduced linearity or instability.
Amplifier Linear Range. Amplifier linear range remains approximately constant with variations in temperature and altitude for a constant supply pressure differential (supply pressure minus reference pressure). The exceptions are for low Reynolds number values, where an increase in viscous losses produce decreasing linear range with decreasing Reynolds number, and near the supply nozzle critical pressure ratio, where changes in linear range may occur due to variations in the linearity of the gain curve.
DIGITAL AMPLIFIERS Pressure Effects
Minimum Supply Pressure. The minimum supply pressure that will give stable operation in a typical wall attachment device is dependent on the supply nozzle Reynolds number, the aspect ratio of the amplifier, the steady-state control flow into the amplifier, and, to a degree, the element design. Test data from two sources (3, 4) are shown in Fig. 7 which relate the minimum Reynolds number for bistability to amplifier aspect ratio for zero steady-state control flow. Because the curves are for zero steady-state control flow, they are not representative of typical operating conditions. However, they can be an aid in estimating the minimum supply pressure required for various amplifier sizes and operating fluids and the relative effect of temperature and pressure changes. With the addition of control flow, a higher Reynolds number would be required to maintain wall attachment. Under typical operating conditions, the minimum Reynolds number required may be two to three times that shown in Fig. 7 .
Although the minimum supply pressure required to obtain wall attachment will probably not be a serious limitation with present commonly used amplifier sizes and fluids, it may present a problem for miniaturization of digital elements and for use of more viscous liquids. Based on the Maximum Supply Pressure. The maximum supply pressure at which bistable operation can be maintained is a function of the amplifier geometry, the pressure ratio across the supply nozzle, and the amount of steady-state control flow. As the pressure ratio (ratio of supply pressure to ambient pressure) is increased above the critical pressure ratio, it reaches a 'point where the jet detaches, and the flow fills the entire interaction region area, attaching to both walls (5). For amplifier designs with relatively small setbacks and wall angles, the maximum pressure ratio for bistable operation is between approximately two and three. If an amplifier has a low switching level, is load sensitive, or has significant steady-state control flow, it will lose stability at a pressure ratio closer to two than three. Bistability can be maintained to higher pressure ratios by increasing amplifier setback and wall angle and by certain methods of providing internal feedback in the amplifier.
Switching Level. The amplifier switching level is the differential control signal (either pressure or flow) needed to switch the amplifier. It is usually represented as a fraction of the supply pressure or flow. In the following discussion, switching level is defined as the ratio of the differential control pressure at switching to the supply pressure. The effect of supply pressure variation on switching level can be divided into three parts. At low values of supply pressure, above and near the minimum Reynolds number for wall attachment, the switching level is normally low; it increases with increasing supply pressure. Above this range and over the majority of the subsonic flow region, the ratio of differential switching pressure to supply pressure is approximately constant. As the maximum pressure ratio for bistability is approached, the switching level decreases until the amplifier is no longer stable. As a general rule, with the present amplifier designs and sizes, the switching level remains approximately constant over the major part of the subsonic flow range. This means that the pressure differential needed to switch the amplifier is directly proportional to the amplifier supply pressure for most typical operating conditions.
Environmental Effects
Minimum Supply Pressure. The effect of air temperature on the minimum supply pressure required for wall attachment is shown in Fig. 8 .
These curves are based on the Reynolds number data of Fig. 7 for zero steady-state control flow The effect of altitude or ambient pressure changes on the minimum supply pressure required for wall attachment is shown in Fig. 9 . As in the case of Fig. 8 , these curves are for zero steadystate control flow and are, therefore, not typical of actual circuit operating conditions. With steady-state control flow, the actual minimum supply pressure values may be substantially greater than shown. However, Figs. 8 and 9 show the general effect of temperature and altitude variations on the minimum supply pressure for wall attachment. In actual practice, the minimum supply pressure required for wall attachment or proper element or circuit stability could be determined in the laboratory. This minimum supply pressure would then be translated into the minimum supply nozzle Reynolds number and used to calculate the minimum supply pressure required at a variety of other environmental conditions. Maximum Altitude. As ambient pressure decreases, it becomes more and more difficult to produce, through entrainment, a pressure difference across the jet that is sufficient to attach the jet to one of the walls. The ratio of supply to ambient pressure is also increasing and, at some altitude, flow in the nozzle becomes sonic and shock waves form in and downstream of the nozzle. These two effects of increase in altitude combine to produce an altitude or ambient pressure limit. This limit is also dependent, to a degree, on amplifier geometry and the amount of steadystate control flow. One approach to this problem is to raise the reference pressure to the amplifier as shown in Fig. 6 . Switching Level. The main cases where temperature and pressure have an effect on the switching level of an amplifier are when, as a result of environmental variations, the amplifier operating point moves near the minimum Reynolds number for wall attachment or near the maximum pressure ratio for bistability. In either case, the switching level decreases until the amplifier is no longer stable. In between these two sensitive areas, the switching level remains relatively constant.
CONCLUSIONS
The performance of a fluid amplifier over a wide range of temperatures and pressures can be predicted once a few basic relationships have been determined for the particular amplifier design.
These basic relationships can also be used to pre-dict the effect of changes in the amplifier size and the performance with a variety of fluids.
For the beam deflection proportional amplifier, these basic performance relationships are: (a) the relationship between amplifier gain and supply nozzle Reynolds number, (b) the approximate supply nozzle Reynolds numbers at which the jet goes from completely laminar to the start of turbulent (start of transition region) and from partly turbulent to completely turbulent (end of transition range), and (c) the ratio of supply pressure to reference pressure at which choked flow occurs in the supply nozzle. For the wall attachment bistable amplifier, the basic performance relationships are: (a) the minimum supply nozzle Reynolds number at which wall attachment can be obtained under normal operating conditions, and (b) the ratio of supply pressure to reference pressure at which choked flow occurs in the supply nozzle. These basic relationships can be established relatively easily at standard laboratory conditions by varying the supply pressure to the amplifier.
By relating amplifier performance to only these few parameters, while neglecting a number of less dominant factors, some loss in accuracy results. However, tests have shown that this simplified approach provides reasonable correlation between predicted and actual performance, and the relative simplicity and flexibility of the technique should compensate for the reduced accuracy.
